The pathogenesis of Modoc virus and its mechanism of transmission were investigated in Peromyscus maniculatus gambeli (deer mouse) as a model to understand the natural history of this virus. Animals were readily infected by the intranasal or subcutaneous route of inoculation. Virus could be detected by direct isolation techniques in many organs and body fluids during the first 7 to 9 days after intranasal inoculation. Increases in viral titers were detectable first in lungs and then the spleen, salivary-submaxillary glands, and lymph nodes. Viremias were low titered and ephemeral. Virus was recovered from urine and throat swabs 4 to 6 days and 4 to 7 days after inoculation, respectively. Serum dilution neutralization, hemagglutination inhibition, or complement fixation antibodies were detected in sera of some animals 13 days after infection and in all animals after 20 days. Antibodies Modoc (MOD) virus is related antigenically to group B arboviruses but there is no evidence that it has an arthropod vector (9, 16) . Infectious virus is shed in the urine of hamsters for many weeks after infection and it was suggested that wild mammals might be in the basic hosts of this virus (10) . Attempts to demonstrate either horizontal or vertical transmission of MOD virus in hamsters were unsuccessful (5); however, the hamster is not a natural host for the virus. Thus, the deer mouse, Peromyscus maniculatus gambeli, from which all strains of MOD virus have been isolated (16) , was selected as a natural host in which to extend pathogenesis studies of MOD virus. (This paper is based on a portion of a dissertation submitted to the University of California in partial fulfillment of the requirement for the Ph.D. degree.)
MATERIALS AND METHODS Virus. The prototype strain (M544) of MOD virus was isolated from the mammary glands of a lactating deer mouse trapped in Modoc County, Calif., during July, 1958 (9) . This virus was passaged intramuscularly three times in 6-to 8-week-old Syrian hamsters by using viremic blood as the inoculum for the second and third passages (4 Infection of deer mice. Deer mice (4 to 8 weeks old) were usually inoculated intranasally (IN) with 300 to 1,500 PFU of virus contained in 0.05 ml of stabilizing diluent. Mice were maintained individually in isocages unless otherwise indicated. The stabilizing medium consisted of 0.75% bovine albumin (fraction V) in 0.05 M H,BO2-0.12 M NaCl at pH 9.0.
In one experiment, groups of seven to eight mice each were inoculated IN or subcutaneosuly (SC; 0.1 ml per mouse) with serial 10-fold dilutions of virus. Mean infective doses were calculated by the method of Reed and Muench (12) .
Collection of specimens. Mice were bled from the orbital sinuses to obtain samples for viwemia and antibody determinations. Blood was collected in a Pasteur pipette, and five drops (approximately 0.25 ml) were added to 1 ml of viral stabilizing medium to give a 1:5 dilution of blood. At selected intervals after infection, mice were sacrificed and various organs were removed. Portions of each organ were tested directly for virus as 10% homogenates in stabilizing medium and after culturing in vitro. Organs from which in vitro cultures were prepared included pooled lymph nodes (axial, inguinal, and popliteal), salivary-submaxillary glands, spleens, kidneys, lungs, and bone marrow. In addition to these organs, 10% homogenates were prepared for direct viral isolation attempts from liver, brain, spinal cord, and heart. Urine was collected by opening the bladder and rinsing it with 1 ml of stabilizing diluent. Throat swabs taken immediately before sacrifice were immersed in 1 ml of stabilizing diluent.
In vitro cultures were prepared from enzymatically dispersed cells or tissue fragments as described previously (5) . At 14 days after initiation, cultures were frozen and thawed to release virus, and fluids from three cultures prepared from each organ were mixed with an equal volume of stabilizing medium for viral assay.
All samples that were to be assayed for virus were stored at -70 C. Serum samples for antibody tests were stored at -20 C. Viral assay. Virus was assayed by plaquing on Vero cells that were grown in 60-mm plastic petri dishes in a medium consisting of 5% fetal calf serum, in Eagle autoclavable minimal essential medium prepared in Earle balanced salt solution (4) . After adsorption of virus to cells in 0.2-ml volumes for 1.5 to 2 h at 37 C, cultures were rinsed with Dulbecco phosphate-buffered saline at pH 7.4 pt.nd overlaid with 5 to 6 ml of medium that consisted of 1.5% methyl cellulose (4,000 centipoises) in autoclavable minimal essential medium in Earle balanced salt solution plus 2% heat inactivated (56 C for 30 min) fetal calf serum. To visualize plaques, cultures were overlaid after 4 days incubation at 37 C with 6 ml of the same medium except that it contained neutral red (1:36,000) and the methylcellulose was replaced by 1% purified agar. Plaques were counted 3 days later and viral titers were expressed in PFU per gram of tissue or milliliter of blood or cell culture fluid.
All cell culture media contained 1.6 g of NaHCO, per liter, 100 U of penicillin per ml, and 100 mg of streptomycin per ml. Cultures were incubated at 37 C in a humidified atmosphere of 5% CO, in air.
Serological tests. Antibody to MOD virus was measured by microtest adaptations of the SDN (6), HI (13) , and CF (1) tests. Hemagglutinins and CF antigens were prepared by the sucrose-acetone technique (3) from brains of infected Swiss albino suckling mice. Sera used in the HI test were extracted with acetone and adsorbed with goose erythrocytes (3). SDN, CF, and HI titers of 1:10 were considered positive for antibodies.
Vertical transmission in deer mice. Five female mice were inoculated IN with MOD virus 17 to 54 days before they littered. One baby was removed on the day of birth from each litter, sacrificed, and tested for virus both by direct isolation from a 10% homogenate and after culturing in vitro. Blood and serum samples were taken from the remaining offspring at 2 to 27 days after they were weaned. Viral isolation was attempted after in vitro culturing of selected organs from six progeny at 37 to 47 days after weaning.
In a separate experiment, female mice were inoculated IN during the first week after they littered. These females were not returned to their offspring until 8 h after inoculation. Shortly before they were returned to their litters, the nasal and oral passages of these animals were washed with saline to remove residual free virus. Blood samples were collected for viral and antibody tests from the offspring at various intervals after they were weaned, and selected organs were taken from some of the progeny, cultured in vitro, and tested for virus.
One experiment was done to evaluate the possibility that suckling mice might become infected from virus in lactating fluids. Lactating mice were inoculated IN with virus 3 to 8 days after littering. These mothers were sacrificed 3 to 10 days after inoculation. Viral isolation was attempted from blood, and from 10% homogenates and fluids of fragment cultures of lungs and mammary glands.
Horizontal The possibility that infectious virus could be detected in the urine or throats of infected mice was evaluated. Mice were inoculated with virus, and urine and throat swab samples were collected each day from 3 to 7 days after inoculation for viral assay. The urine samples were collected while mice were held in a 7 C cold room. Mice were placed on one-fourth-inch wire mesh screens atop funnels that conducted excreted fluids into tubes that contained 1 ml of the stabilizing VOL. 10, 1974 medium. Portions of urine and throat swab samples that contained detectable virus when plaqued in Vero cells were subsequently inoculated SC (0.1 ml) into normal mice. One mouse was injected with each throat swab sample and three mice were inoculated with each urine sample. These mice were bled at 28 days after inoculation and their sera were tested for HI antibody.
Horizontal transmission by cannibalism was evaluated using a third group of infected mice. Lungs were removed at selected intervals after infection, minced with scissors, and washed free of visible blood with phosphate-buffered saline. In vitro fragment cultures were prepared from a portion of the lung fragments and the rest of each lung was force fed to a normal mouse using sterile forceps. These mice were tested for development of HI antibody 28 days after being fed lung tissue.
Identification The pool of hyperimmune hamster sera was fractionated and serum globulins were conjugated with fluorescein isothiocyanate as described by Cherry et al. (2) and modified by Lennette and associates (11) . Cover-slip cultures of Vero cells were inoculated with viral specimens, incubated at 37 C for 3 to 4 days, fixed with acetone at -20 C, and stored at -70 C until stained with the fluorescent antibody conjugate. the initial spread of virus in organs of mice inoculated IN and then to determine the persistence of virus in various organs. The sensitivity of the direct viral isolation and in vitro culture techniques for detection of persistent viral infections was also evaluated.
Virus was recovered by direct isolation from many organs and fluids of mice during the first 9 days after IN inoculation (Table 3) . Lungs were found infected from immediately after inoculation to 9 days after inoculation. Virus appeared in the spleens, salivary-submaxillary glands, kidneys, and lymph nodes by 2 or 3 days after inoculation and remained detectable in these organs through 7, 8, or 9 days. Viremias were detectable from 2 to 4 days after infection and virurias from 4 to 6 days. Virus was obtained from throat swabs immediately after inoculation and again from 4 to 6 days after inoculation. Sporadic viral isolations were made from homogenates of brain, spinal cord, heart, and liver, and from fluids of bone marrow cultures.
Viral titers in organs and fluids during the first 10 days after infection are depicted in Fig.  1 . The highest titers were detected in the lungs, spleens, salivary-submaxillary glands, and lymph nodes. Peak titers occurred after 2 or 3 days in lungs and after 6 days in spleens, salivary-submaxillary glands, and lymph nodes. 'Axial, inguinal, and popliteal lymph nodes were pooled. VOL. 10, 1974 In vitro cultures were prepared individually from portions of lungs, kidneys, spleens, salivary-submaxillary glands, and lymph nodes of 6 and 30 mice that were sacrificed 1 to 7 and 14 to 177 days after inoculation, respectively (Table  4) . During the first week of infection, virus was A total of 17 MOD viral isolates were made from lungs or pooled salivary glands-lungs-kidneys cultured in vitro from 97 deer mice that were sacrificed from 14 to 366 days after inoculation and were circulating antibodies to MOD virus at the time of sacrifice. Persistent infections were demonstrated in three of three mice at 2 weeks after infection, 7 of 32 mice at 1 month, 6 of 29 mice at 3 months, 1 of 8 mice at 6 months, and none of 27 mice at 1 year.
Vertical transmission. Six litters, which included 20 babies, were born to five mothers that had been infected with MOD virus 17 to 54 days prior to littering. One baby was sacrificed from each litter on the day of birth and tested Horizontal transmission. None of the 10 males paired with inoculated females in the vertical transmission experiments became infected. The results of a more extensive study to evaluate horizontal transmission of MOD virus from infected mice to normal mice are shown in Table 5 . Only one of 38 normal mice became infected after being caged individually with mice that had been inoculated 2 to 7 days previously. No normal mice became infected when caged singly, or in groups of three with equal numbers of the inoculated animals at intervals between 28 and 112 days after inoculation.
An experiment was done to determine whether virus recovered from throat swab and urine specimens was infectious for normal mice. Throat swabs and urine samples were collected daily from each of five mice from 3 to 7 days after inoculation. Virus was recovered by direct isolation in Vero cells from 14 of 25 throat swab specimens and 3 of 25 urine samples. Virus was obtained in throat swab samples of all five mice and in urine samples of two mice. Twelve of the 14 positive throat swab specimens and two of the three urine samples were infectious for normal deer mice inoculated SC with a portion of each sample as determined by the development of HI antibody.
Since mice can be cannibalistic and therefore could become infected in nature by ingestion of infected tissues of other mice or rodents, a portion of lungs removed from each of 3 and 18 mice at 4 and 54 days after inoculation, respectively, were fed to normal deer mice. None of the normal mice developed HI antibodies by 28 days after ingestion even though virus was (9) .
Deer mice developed viremias of low titer and short duration after inoculation with MOD virus. Neutralizing antibodies were detected the first or second week after inoculation and remained at measurable titers at least for 168 days. During the first nine days after IN inoculation, virus was recovered regularly by direct isolation from the lungs, spleens, salivary-submaxillary glands, and lymph nodes. Occasional isolations were made from the kidneys during this period, but the titers were close to the detectable level. The apparent infection of the kidneys may have resulted from glomerular trapping of virus or virus-antibody complexes instead of actual viral replication in this organ. Recovery of virus in throat swabs of mice from 4 to 7 days after inoculation coincided with maximal viral titers in salivary-submaxillary glands.
MOD virus was recovered from in vitro cultures prepared from lungs of some mice 10 to 177 days after inoculation but not from homogenates of the same organs. Twenty-one percent of the cultured lungs (6 of 29) yielded MOD virus at 3 months after the mice were infected. The proportion of mice that harbored latent virus might have been greater than detected, since the in vitro techniques failed to recover virus from some organs that were taken from mice sacrificed during the first week after inoculation and these organs yielded virus by direct viral isolation procedures.
Since MOD virus persisted in infected mice for several months after inoculation, an experiment was done to determine whether infected female mice could infect their progeny. However, no evidence of vertical transmission was obtained with female mice that were infected with virus from 17 to 54 days before giving birth. Neutralizing antibodies in the blood of infected female mice may have prevented virus from reaching the embryos. Antibodies to MOD virus were detected in weanling mice from these immune mothers, but the antibodies disappeared during the first month of life and are assumed to have been of maternal origin. A similar pattern of antibody occurrence has been observed for maternal antibodies in the progeny of female mice infected with lymphocytic choriomeningitis virus (8) . The fall in antibody titers in the young deer mice was consistent with the reported half-life of humoral antibodies in other mice (14) . (10) , and in such crowded conditions that virus might be transmitted more readily than under the conditions of this experiment. In nature these mice often fight to protect territorial rights (15) and this behavior might aid in the spread of virus.
The very limited demonstration of transmission of MOD virus from infected to susceptible mice did not support the hypothesis that the deer mouse is the basic host or reservoir for this agent. The strain of mice used in this study had been maintained in laboratory colonies for several years and might have responded differently to viral infection than would wild mice. It is also possible that experimental conditions may not have successfully reproduced the natural environment in which transmission occurs.
